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Abstract Chromatin domain insulators are thought to
insulate adjacent genes, including their regulatory elements, from each other by organizing chromatin into
functionally independent domains. Thus insulators
should play a global role in gene regulation by keeping
regulatory domains separated. However, this has never
been demonstrated. We previously designed and characterized a transgene that is under GAL4 UAS control
and encodes a dominant-negative form of the Boundary
Element-Associated Factors BEAF-32A and BEAF32B. The BID transgene encodes the BEAF self-interaction domain but lacks a DNA binding domain.
Expression of BID in eye imaginal discs leads to a
rough eye phenotype. Here we screen for dominant
mutations that modify this eye phenotype. This assay
provides evidence for cross-talk between diVerent
classes of insulators, and for a broad role of the BEAF
proteins in maintaining patterns of gene expression during eye development. Most identiWed genes encode
other insulator binding proteins, transcription factors
involved in head development, or general transcription
factors. Because it is unlikely that insulator function is
limited to eye development, the present results support
the hypothesis that insulators play a widespread role in
maintaining global transcription programs.
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Introduction
Proper regulation of gene expression is essential for
developmental programs and signal transduction-mediated responses to environmental signals. Yet as illustrated by many studies of regulatory regions,
enhancer–promoter communication is potentially promiscuous (Kermekchiev et al. 1991). One means of
maintaining enhancer–promoter Wdelity is thought to
involve the subdivision of chromosomes into functional
domains such that communication can only occur
within a domain. In this model, chromatin domain
insulators (also known as boundary elements) deWne
domain boundaries by insulating elements within a
domain from interactions with elements located in
other domains (Geyer and Clark 2002). In transgene
assays, insulators must be located between an enhancer
and promoter to block communication. They have no
eVect if located upstream or downstream, indicating
insulators do not act as silencers (Cai and Levine 1995;
Scott and Geyer 1995). Bracketing transgenes with
insulators protects against chromosomal position
eVects, creating a domain in which expression is driven
solely by regulatory elements in the transgenic construct (Cuvier et al. 1998; Kellum and Schedl 1991).
Perhaps related to this protection, insulators can act as
barriers that prevent diVerent chromatin states in adjacent domains from spreading into each other and consequently inXuencing gene expression. Thus an open
chromatin domain with potentially active genes and an
adjacent closed chromatin domain with inactive genes
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would be kept separate (Litt et al. 2001; Noma et al.
2001; Prioleau et al. 1999). Enhancer blocking and protection from chromosomal position eVects are separable activities at least in some insulators (Recillas-Targa
et al. 2002). Despite the appeal of this model, to our
knowledge only one study of the vertebrate insulator
protein CTCF has provided evidence that insulators
play an extensive role in maintaining patterns of gene
expression (Mukhopadhyay et al. 2004). Here we provide evidence for cross-talk between diVerent classes of
insulators in Drosophila, and for a broad role for
boundary element-associated factor (BEAF)-dependent insulators in maintaining patterns of gene expression.
The boundary element-associated factors, BEAF32A and BEAF-32B, are 32 kDa proteins derived from
the same gene (Hart et al. 1997). They bind to the scs’
insulator, and these binding sites are essential for insulator activity. Immunostaining of polytene chromosomes indicates that there are several hundred BEAF
binding sites in the Drosophila genome, and other
binding sites that have been tested have insulator activity (Cuvier et al. 1998). This indicates that BEAFdependent insulators are common in Drosophila. To
gain insight into BEAF function, we designed a GAL4
UAS-controlled transgene encoding a dominant-negative form of BEAF (Gilbert et al. 2006). This protein,
BID, has the carboxy-terminal BEAF self-interaction
domain but lacks the amino-terminal DNA binding
domains found in BEAF-32A and BEAF-32B. Therefore it should form complexes with the BEAF proteins
and interfere with DNA binding. We have previously
shown that BEAF is the major target of BID, and BID
interferes with the binding of BEAF to polytene chromosomes. In support of a link between BEAF-dependent insulator activity and chromatin structure or
dynamics, BID expression causes a global disruption of
polytene chromosome morphology and also enhances
position eVect variegation (PEV).
Expression of the BID transgene in eye tissue via an
ey-GAL4 driver leads to a rough eye phenotype that is
rescued by a third copy of the BEAF gene (Gilbert
et al. 2006). We reasoned that mutations in genes that
are important for BEAF function would modify this
phenotype. IdentiWcation of these genetic interactions
should provide insight into BEAF function. This assay
did not provide evidence for general interactions
between BEAF and proteins involved in chromatin
structure or dynamics. Of over 30 such genes tested,
only Nipped-A and spindle-E (spn-E) showed an interaction. Instead, most interactions were with insulator
binding proteins and transcription factors involved in
head development. This supports the hypothesis that
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BEAF plays an important role in maintaining global
patterns of gene regulation during processes such as
eye development. It also indicates there is cross-talk
between diVerent classes of insulators, which could be
an indirect interaction based on their common roles in
maintaining gene expression patterns. Finally, the
interaction with spn-E suggests that BEAF function
might involve RNAi pathways (Pal-Bhadra et al.
2004).

Materials and methods
Drosophila stocks
Flies were raised at 25°C on standard cornmeal, yeast
and sugar medium with Tegosept. Construction of the
BID transgene, generation of transgenic Xy lines, and
construction of the ey-GAL4/CyO; BID.3A/BID.3A
line was previously described (Gilbert et al. 2006). All
experiments reported here used a third chromosome
insertion called BID.3A, hereafter referred to simply
as BID. MRTFKO1 and UAS-MRTF Xies were kindly
provided by Z. Han and E.N. Olson (Han et al. 2004).
P[ftz] and ftz11 Xies were kindly provided by H.M. Krause (Schwartz et al. 2001). All other Xies were obtained
from the Bloomington Drosophila Stock Center
(Xystocks.bio.indiana.edu), and information concerning the deWciencies and mutations used in this study
can be found at Flybase (http://www.Xybase.org).
Rough eye-based modiWer screen
Male ey-GAL4/CyO; BID/BID Xies were crossed to
virgin female Xies containing chromosomal deWciencies
or mutations of interest. All crosses were done at 25°C
as described above. The resulting progeny were scored
under a dissecting microscope and preserved for scanning electron microscopy. At least ten animals of the
respective genotypes were scored to determine the
reproducibility of the phenotype. No diVerences were
observed between male and female progeny of the
same genotype. In addition, progeny with CyO were
compared to progeny with ey-GAL4 to conWrm that
the phenotype was due to BID expression. There was
no disruption of eye development in the absence of
ey-GAL4 for any of the deWciencies or mutations
tested. However, certain balancers enhanced the rough
eye phenotype. In particular, certain TM3 balancers
enhanced. Care was taken to account for balancers.
To perform the rescue crosses, Xy lines with the rescue construct homozygous or balanced together with
the relevant mutation over a balancer chromosome
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were constructed. These Xies were crossed to the eyGAL4/CyO; BID/BID line and appropriate progeny
were scored.
Scanning electron microscopy
Flies were Wxed in FAA (16% formaldehyde, 5% acetic acid, 45% ethanol) for at least 24 h, then put
through a dehydration series of ethanol (10 min each
75, 87, 94, 97%, 4£ 100%) followed by 2£ 30 min in
100% hexamethyldisilazane. Flies were dried overnight
in a hood and stored in a dessicator. Flies were sputter
coated and photographed in a Cambridge Stereoscan
260 SEM at 15 kV.

Results
Expression of a dominant-negative BEAF transgene in
eye imaginal discs leads to a rough eye phenotype that
is rescued by a third copy of the BEAF gene
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DNA binding domain (Gilbert et al. 2006) (Fig. 1a, b).
We found that the BID protein acts as a dominant-negative antagonist of BEAF function in transgenic Xies
by several criteria. Of relevance for the present study is
the Wnding that using an ey-GAL4 driver to express
BID in eye discs interferes with eye development,
resulting in a mild rough eye phenotype. The eVect is
mainly seen in the posterior half of the eye, particularly
along the posterior margin, in the center of the eye,
and in the posterior–dorsal quadrant. The phenotype is
more extreme when the BID transgene is homozygous.
Evidence that the eVect is speciWcally due to interference with BEAF activity derives from rescue of the
rough eye phenotype when a third copy of BEAF is
provided as a transgene (Fig. 1c). Here we take advantage of this phenotype to screen for genetic interactions that modify the BID-dependent rough eye
phenotype. A wide variety of biological processes have
been studied using similar eye-based screens (Thomas
and Wassarman 1999).
Chromosomal deWciency screen

The BEAF gene encodes two 32-kDa proteins, BEAF32A and BEAF-32B. We previously reported the
design and characterization of a transgene under
GAL4 UAS control that encodes the BID but lacks a

As a Wrst step in screening for genetic interactions, we
crossed ey-GAL4/CyO; BID/BID Xies to 57 second
chromosome and 96 third chromosome deWciency lines

Fig. 1 The BEAF-interaction-domain (BID) protein causes a
rough eye phenotype that is rescued by an extra copy of the
BEAF gene. a The carboxy-terminal half of the BEAF coding sequences were joined in frame to sequences encoding an HA epitope tag and SV40 NLS (black box). This is in pUAST (adapted
from Brand and Perrimon 1993), and so is under GAL4 UAS
control (ovals) and has an SV40 polyadenylation site (not shown).
b BEAF-32A and BEAF-32B have unique amino-terminal DNA
binding domains of 80 amino acids (hatched boxes). The rest of
the proteins are identical, being derived from the same exon. This
includes a 120 amino acid central portion of unknown function
(open box) and an 80 amino acid carboxy-terminal domain that
mediates interactions between BEAF proteins (gray box) (adapt-

ed from Hart et al. 1997). The BID protein has an amino-terminal
HA epitope tag and SV40 NLS joined to the carboxy-terminal
half of BEAF. Thus BID should form complexes with 32A and
32B, inhibiting DNA binding by BEAF complexes in a manner
analogous to the Drosophila Emc and vertebrate Id proteins
(adapted from Campuzano 2001; Norton et al. 1998). c Scanning
electron micrographs of Xies of the indicated genotypes demonstrate that driving BID expression with ey-GAL4 leads to a rough
eye phenotype. This phenotype is more extreme when BID is
homozygous, and is rescued to near wild-type by a third copy of
the BEAF gene provided by a transgene inserted at diVerent third
chromosome locations. Like BID/BID Xies, ey-GAL4/CyO Xies
have normal eyes (not shown)
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from the Bloomington Stock Center deWciency kits
(Fig. 2; Supplemental Table 1). Haplo-insuYciency of
one or more genes deleted by a deWciency could
enhance or suppress the BID-dependent rough eye
phenotype. Approximately one-third of the deWciencies appeared to suppress the mild rough eye phenotype observed in Xies heterozygous for ey-GAL4 and
BID. Because the eye phenotype was weak to begin
with, we suspected there were a high number of “false
positives.” Therefore we ignored this data and focused
on deWciencies that enhanced the phenotype. We
found that 19 of 153 deWciencies, or 12%, enhanced the
phenotype (Fig. 3; Table 1). Due to overlaps between
Fig. 2 Chromosomal deWciencies screened for
enhancement of the eyGAL4/+; BID/+ rough eye
phenotype. The numbered
and lettered subdivisions of
salivary gland polytene chromosomes are indicated, with
centromeres shown as Wlled
circles. Thick red lines indicate
deWciencies that enhance, and
thin black lines indicate deWciencies that do not. Four of
57 second chromosome deWciencies and 15 of 96 third
chromosome deWciencies enhanced the phenotype. This
includes three overlapping
deWciencies from chromosome arm 3L region 62 and
two overlapping deWciencies
from 3R region 89. Positions
of tested genes that enhance
the phenotype are also indicated (blue vertical bars). See
Tables 1 and 2 and Supplementary Table 1 for more
information
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deWciencies, these results identify at least 16 chromosomal regions that harbor genes that genetically interact with BEAF.
Mutant allele screen
Our goal was to use the BID-dependent loss of BEAF
function to identify interactions with speciWc genes. To
this end, we used the rough eye phenotype to screen a
variety of mutant alleles. A total of 91 mutant alleles
were tested, encoding 80 proteins. Mutations in 17
genes enhanced the rough eye phenotype (Fig. 4;
Table 2), while the others did not (Table 3). In addition
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Table 1 Chromosomal deWciencies that enhance the rough eye
phenotype
DeWciencya

Cytological position

Df(2R)ST1
Df(2R)BSC11
Df(2R)Jp8
Df(2R)Dll-MP
Df(3L)R-G7
Df(3L)BSC23
Df(3L)Exel6091
Df(3L)ZP1
Df(3L)vin7
Df(3L)fz-M21
Df(3L)BSC20
Df(3L)Pc-2q
Df(3L)BSC21
Df(3R)Scr
Df(3R)BSC24
Df(3R)ry506-85C
Df(3R)sbd105
Df(3R)P115
Df(3R)3450

42B3-5;43E15-18
50E6-F1;51E2-4
52F5-9;52F10-53A1
60E1-2;60E6
62B8-9;62F2-5
62E8;63B5-6
62E8;62F5
66A17-20;66C1-5
68C8-11;69B4-5
70D2-3;71E4-5
76A7-B1;76B4-5
78C5-6;78E3-79A1
79E5-F1;80A2-3
84A1-2;84B1-2
85C4-9;85D12-14
87D1-2;88E5-6
88F9-89A1;89B9-10
89B7-8;89E7
98E3;99A6-8

a
Flies with the indicated deWciencies were crossed to ey-GAL4/
CyO; BID/BID Xies. Eyes of progeny heterozygous for the deWciency, ey-GAL4 and BID were more disordered than reference
heterozygous ey-GAL4; BID Xies

to listing the alleles that did or did not enhance the
rough eye phenotype, Tables 2 and 3 correlate these
results to those obtained with deWciencies that uncover
the tested alleles.
Three criteria were used to select mutant alleles for
testing. One criterion was to identify available mutations in genes deleted by deWciencies that enhanced the
rough eye phenotype. We focused on genes encoding
proteins known or predicted to function in the nucleus.
Thirty-seven genes were selected, including a few from
deWciencies that appeared to weakly interact but were
excluded from Table 1. Other genes of interest did not
have available mutations. Fourteen of the interacting
genes we identiWed fall into this category, such as Distal-less (Dll), Myocardin-related transcription factor
(MRTF) and fushi tarazu (ftz) (see below).
The second criterion was based on the hypothesis
that insulators function by aVecting chromatin structure or dynamics. In support of this model, we previously found that the presence of the BID protein
results in a global disruption of salivary gland polytene
chromosome morphology and removal of BEAF from
these chromosomes. We also found that BEAF is a triplo-suppressor and haplo-enhancer of PEV (Gilbert
et al. 2006). Based on this hypothesis we selected mutations in genes encoding proteins involved in insulator
activity, covalent histone modiWcations, chromatin
remodeling, chromatin structure, or whose activity is
thought to involve chromatin. While this category

overlapped with the Wrst, 35 genes were selected solely
based on this reasoning. This criterion resulted in the
identiWcation of a couple genetic interactions, such as
zeste-white 5 (Zw5, also called deformed wings, dwg)
and Nipped-A (see below).
The third criterion was based on a high-throughput
two-hybrid screen for protein interactions between
Drosophila proteins (Giot et al. 2003). Five proteins
were identiWed as interacting with BEAF. Four were
encoded by conceptual genes with no available mutations. The Wfth was katanin-60, a microtubule severing
protein with an available mutation (katanin-60UY1645).
Because so few proteins directly connected to BEAF,
we followed the interaction chains out to look for other
candidates to test. We found a mutant allele of a transcriptional co-repressor (CtBP87De-10), four transcription factors (esgk606; Sna18; gtQ292; kni9), an actin
binding protein (shotk03010) and a protein involved in
signal transduction (RhoBTBEP03099). The encoded
proteins had at most two proteins between them and
BEAF in the interaction chain. None of the eight
mutant alleles from this line of inquiry showed a
genetic interaction with BEAF in the rough eye screen
(Table 3).
A more limited screen was previously done using a
UAS-BEAF-32A transgene with a GMR-GAL4 driver,
which also leads to a rough eye phenotype (Yamaguchi
et al. 2001). Overexpression of UAS-BEAF-32A
should aVect the composition of BEAF complexes,
impairing the function of 32B-dependent insulators but
not 32A-dependent insulators. Expression of BID
should impair the function of all BEAF-utilizing insulators by reducing the number of DNA binding
domains in BEAF complexes. It is diYcult to compare
deWciency results because only those that aVected the
rough eye phenotype were identiWed, and of those
identiWed most were diVerent than those we used.
Fourteen genes were screened, and three interactions
with UAS-BEAF-32A overexpression were found (Dll,
kohtalo and suppressor of hairy wing) (Yamaguchi
et al. 2001). Of the seven genes tested in both screens,
there was only one diVerence. Kohtalo encodes a transcription factor that is a subunit of the Mediator complex (Janody et al. 2003). The kto1 mutation enhanced
the rough eye phenotype caused by UAS-BEAF-32A
expression, but not by BID expression.
Interactions with insulator-related proteins
Mutant alleles encoding several proteins implicated in
insulator activity were tested. The BEAFKG06094 allele
has a transposon inserted into the intron separating the
unique 32A and 32B exons. Ubiquitous expression of
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Fig. 3 Representative scanning electron micrographs
showing the enhancement of
the ey-GAL4/+; BID/+ rough
eye phenotype by deWciencies.
The Wrst panel shows a reference eye. The other panels
show eyes of the same genotype combined with deWciencies that uncover the indicated
regions. All deWciencies that
clearly enhanced the phenotype are shown, and are listed
in Table 1

BID is lethal, suggesting BEAF-32A, BEAF-32B or
both are essential proteins (Gilbert et al. 2006). Yet
BEAFKG06094 is viable, and it had no eVect on the BIDdependent rough eye phenotype. However, a deWciency that deletes the BEAF gene enhanced the phenotype (Table 3). Some BEAF binding sites overlap
with binding sites for the transcription factor DREF
(DNA replication-related factor), and there is evidence that BEAF and DREF compete for binding to
these sites (Hart et al. 1999). Neither the DrefKG09294
allele nor the deWciency that deletes Dref enhanced the
rough eye phenotype. The chromosomal protein D1
and BEAF can cooperatively bind to some DNA
sequences (Cuvier et al. 2002). It is not known how
common this interaction is since these proteins show
diVerent localizations on chromosomes. D1 mainly
binds to heterochromatic regions containing certain
repetitive DNA sequences (Aulner et al. 2002; Rodriguez Alfageme et al. 1980) while BEAF binds to
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euchromatin (Zhao et al. 1995). The lethal mutant
allele D1EY05004 did not enhance the rough eye phenotype, although a deWciency that deletes D1 did
(Table 3).
Mutant alleles of two other insulator binding proteins showed an interaction in the eye assay. The Zw5
protein binds to the scs insulator and is encoded by the
dwg gene (Gaszner et al. 1999). Physical interactions
between Zw5 and BEAF have been reported (Blanton
et al. 2003). Two dwg alleles were tested; dwg11–32
enhanced the rough eye phenotype and dwg8 did not.
However, it was previously reported that dwg8 (called
zw562j1) enhanced the rough eye phenotype caused by
UAS-BEAF-32A overexpression (Blanton et al. 2003).
The suppressor of hairy wing [su(Hw)] protein binds to
an insulator found in the gypsy retrotransposon, and is
essential for its insulator activity (Geyer and Corces
1992). Like the deWciency that removes su(Hw), the
su(Hw)2 and su(Hw)8 alleles enhanced the rough eye

Mol Genet Genomics (2007) 277:273–286

279

Fig. 4 Representative scanning electron micrographs
showing the enhancement of
the ey-GAL4/+; BID/+ rough
eye phenotype by mutant alleles. The Wrst panel shows a reference eye. The other panels
show eyes of the same genotype combined with the indicated mutant alleles. All
alleles that clearly enhanced
the phenotype are shown, and
are listed in Table 2

phenotype. This was also found to be the case with
UAS-BEAF-32A overexpression (Yamaguchi et al.
2001). We found no enhancement by the su(Hw)3
allele.
The mod(mdg4) and dTopors proteins interact with
su(Hw) (Capelson and Corces 2005; Gerasimova et al.
1995). The mod(mdg4)L3101, mod(mdg4)03852 and
Toporsf05115 alleles did not enhance the phenotype, nor
did the deWciencies that deleted these genes. The
GAGA factor (GAF) is encoded by the trl gene, and
has been implicated in insulator activity (Ohtsuki and
Levine 1998). GAF has also been shown to play roles
in transcriptional activation and repression, presumably related to its role in chromatin remodeling (Tsukiyama et al. 1994) and interactions with Polycomb
group repressor proteins (Mulholland et al. 2003), and
in male X-chromosome dosage compensation (Greenberg et al. 2004). GAF and mod(mdg4) each have a

BTB domain, and these domains appear to be functionally interchangeable (Read et al. 2000). The trls2325
allele did not enhance the eye phenotype although a
deWciency that uncovers this gene did.
Interactions with transcription factors
Most of the other mutant alleles that enhanced the
rough eye phenotype were in genes encoding transcription factors or general transcription factors (Table 2;
Fig. 4). However, this is not a general eVect. Of the 29
transcription factors tested, 18 did not enhance the
phenotype (Table 3). Three others had alleles that
enhanced and other alleles that did not, as described
below. Seven of the 11 transcription factors that
showed an eVect were in the Antennapedia complex
(ANTC). The alleles were lab14, pb5, zen3, bcd12, Dfd6,
Scr2, ftz3 and ftz11. The only tested allele from the
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Table 2 Mutant alleles that enhance the rough eye phenotype
Genea

Allele

Function

Cytology

deformed wings (zeste-white 5)
Nipped-A
Distal-less
Myocardin-related transcription factor

dwg11-32
Nipped-ANC116
Dll5
MRTFKO

IBP
HAT
TF
TF

3B3
41E1
60E2
62F2-3

TBP-associated factor 6

Taf61

GTF

76B9

TBP-associated factor 1
labial
proboscipedia
zerknullt
bicoid
Deformed
Sex combs reduced
fushi tarazu

Taf1R14
lab14
pb5
zen3
bcd12
Dfd6
Scr2
ftz3
ftz11
su(Hw)2
su(Hw)8
spn-E1
abd-AD24, Abd-BD18

GTF
TF
TF
TF
TF
TF
TF
TF

84A1
84A1
84A5
84A5
84A5
84A5
84A5
84A6
84A6
88B3
88B3
89A5
89E2-5

suppressor of hairy wing
spindle-E
abdominal A, Abdominal B

IBP
RNAi
TF, TF

Tested Df

Df(2R)Dll-MPb
Df(3L)BSC23b
Df(3L)R-G7b
Df(3L)Exel6091b
Df(3L)kto2
Df(3L)XS533
Df(3R)Scrb
Df(3R)Scrb
Df(3R)Scrb
Df(3R)Scrb
Df(3R)Scrb
Df(3R)Scrb
Df(3R)Scrb
Df(3R)Scrb
Df(3R)ry506-85Cb
Df(3R)sbd105b
Df(3R)P115b

GTF general transcription factor, HAT histone acetyltransferase complex, IBP insulator binding protein, RNAi RNA interference, TF
transcription factor
a
Flies with the indicated mutations were crossed to ey-GAL4/CyO; BID/BID Xies. Eyes of progeny heterozygous for the mutation, eyGAL4 and BID were more disordered than reference heterozygous ey-GAL4; BID Xies
b
DeWciency that enhances the rough eye phenotype

ANTC that did not show an interaction was Antp10. A
major role of the ANTC is to specify fates in the developing head (Denell 1994; Diederich et al. 1989).
The bithorax complex (BXC) encodes transcription
factors involved in specifying fates in the developing
thorax and abdomen (Lewis 1998; Maeda and Karch
2006). Genes of the ANTC and BXC play critical roles
in specifying development of the Drosophila body
plan, just as their vertebrate homologs play similar critical roles in vertebrate development. Individual mutations in the BXC did not enhance the rough eye
phenotype, although the double mutation abd-AD24
and Abd-BD18 did. These particular mutations were not
tested individually, so it is not known if either alone
would enhance.
The other two transcription factor genes that
showed an interaction were Dll and MRTF. We found
that Dll5 enhanced the rough eye phenotype while the
weaker Dll9 allele did not; both alleles were previously
found to enhance the rough eye phenotype caused by
UAS-BEAF-32A overexpression (Yamaguchi et al.
2001). MRTFKO1 is a null allele generated by homologous recombination (Han et al. 2004). Dll is involved in
developmental processes including limb and antennae
development (Dong et al. 2001), while MRTF is
involved in development of the tracheal system (Han
et al. 2004).
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Alleles of two general transcription factor genes,
Taf1R14 and Taf61, were tested and found to enhance
the phenotype. Both proteins are part of the TFIID
complex that includes the TATA-binding protein.
With the exception of Taf6, all of these transcription
factor genes are uncovered by deWciencies that
enhance the rough eye phenotype (Table 2).
Interactions with Nipped-A and spindle-E
The other two genetic interactions identiWed were with
Nipped-ANC116 and spn-E1. Nipped-A is a subunit of
the SAGA histone acetyltransferase complex,
although it appears to be a multifunctional protein that
also functions independently of SAGA (Gause et al.
2006). Some subunits are shared between the SAGA
and TFIID complexes (Lee et al. 2000), indicating that
these complexes interact. The two TFIID subunit
genes tested in our assay enhanced the rough eye phenotype, so the interaction with Nipped-A could reXect
the relationship between SAGA and TFIID. Alternatively, it could reXect an interaction between BEAF
and some other aspect of Nipped-A function.
The spn-E gene encodes a helicase that is part of a
protein complex involved in RNA interference. This
complex plays a role in oocyte maturation (Kennerdell
et al. 2002) and heterochromatin formation (Pal-Bhadra
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Table 3 Mutant alleles that do not enhance the rough eye phenotype
Genea

Allele

Function

Cytology

giant
deformed wings (zeste-white 5)
HDAC4
kismet
male-speciWc lethal 2
chameau
Heterochromatin protein 1
DNA replication-related element factor
Sir2
escargot
snail
male-speciWc lethal 1
maleless
Sin3A
Imitation SWI
Posterior sex combs

TF
IBP
HDAC
ChRem
DC
HAT
HetCh
TF
HDAC
TF
TF
DC
DC
TcoR/HDAC
ChRem
PcG/PRC1

Chip
enoki mushroom
distal-less
enhancer of bithorax (NURF-215)
bric a brac 1

gtQ292
dwg8
HDAC4KG09091
kis1
msl-2227
chmBG02254
Su(var)2055
Drefkg0929 4
Sir205327a
esgk606
Sna18
Msl-1216
Mle9
Sin3A08269
ISWIKG03354
Psch27
Psce22
lat6
shotk03010
AsxXF23
ttvk11904
BEAF-32KG06094
knEY09641
CG15707f06583
Toporsf05115
dom3
dom14
Nap1KO1
Nap1KO2
Chie5.5
enok2
Dll9
E(bx)ry122
bab1Agal4-5

TcoF
HAT
TF
ChRem
TF

3A3
3B3
11E8-9
21B4-5
23F3
27F3-4
28F2-3
30F2-3
34A7
35D2
35D2
36F11-37A1
42A6
49B5-7
49B10
49E6
49E6
49F7-8
50C6-9
51A4
51A6-B4
51C2
51C2-3
53A1
56A2
57D11-12
57D11-12
60A9
60A9
60B5
60B10
60E2
61B2-3
62E2-F1

Rpd3
ventral veins lacking

Rpd304556
vvlM638

HDAC
TF

64B12
65C5

biniou

binI1

TF

65D6

male-speciWc lethal 3
PAR-domain protein 1
mutagene-sensitive 301

msl-31
Pdp1P205
mus301D1

DC
TF
DNA repair

65E4
66A14-17
66B8

JIL-1

JIL-1kg02848

HK

68A5-6

Trithorax-like/GAGA factor
brahma
kohtalo

Trls2325
brm2
kto1

TF
ChRem
TF/MED

70F1-4
72C1
76D1

Mi-2

Mi-2j3D4

ChRem

76D3-4

Su(z)12

Su(z)123

PcG/PRC2

76D4

RhoBTB

RhoBTBEP03099

ST

77B6-9

knirps

kni9

TF

77E3

latheo
short stop
Additional sex combs
tout-velu
Boundary element-associated factor of 32kD
knot (collier)
CG15707
Topoisomerase I-interacting protein
Domino
Nucleosome assembly protein 1

DNARep/ORC
ABP
PcG
SP/ST
IBP
TF
DNA-BP
IPIP
ChRem
NA

Tested Df

Df(2L)net-PMF
Df(2L)drm-P2
Df(2L)TE29Aa-11
Df(2L)Mdh
Df(2L)r10
Df(2L)r10
Df(2L)TW137
Df(2R)vg-C
Df(2R)vg-C
Df(2R)vg-C
Df(2R)CX1
Df(2R)BSC11b
Df(2R)BSC11b
Df(2R)BSC11b
Df(2R)BSC11b
Df(2R)Jp8b
Df(2R)P34
Df(2R)AA21
Df(2R)AA21
Df(2R)or-BR6
Df(2R)or-BR6
Df(2R)Dll-MPb
Df(3L)emc-E12
Df(3L)R-G7b
Df(3L)BSC23b
Df(3L)Exel6091b
Df(3L)GN24
Df(3L)XD198
Df(3L)ZN47
Df(3L)XD198
Df(3L)BSC27
Df(3L)BSC27
Df(3L)pbl-X1
Df(3L)pbl-X1
Df(3L)ZP1b
Df(3L)66C-G28
Df(3L)vin5
Df(3L)BSC14
Df(3L)fz-M21b
Df(3L)st-X3
Df(3L)kto2
Df(3L)XS533
Df(3L)kto2
Df(3L)XS533
Df(3L)kto2
Df(3L)XS533
Df(3L)rdgC-co2
Df(3L)ri-79c
Df(3L)XS533
Df(3L)ri-79c
Df(3L)ri-XT1
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Table 3 continued
Genea

Allele

Function

Cytology

Tested Df

Z4

Z4EY11005

ChStr

78C5

Df(3L)ME107
Df(3L)Pc-2qb
Df(3L)Pc-kni
Df(3L)Pc-Mk

Chromator
katanin-60

ChroKG03258
katanin-60UY1645

ChStr
MBP

80B1-2
82F6

HIF prolyl hydroxylase

Hph02255

PM

82F7-8

grappa
Antennapedia
doublesex
Relish
D1 chromosomal protein
aurora
C-terminal Binding Protein
empty spiracles
trithorax
suppressor of Hairy wing
spindle-B
Suppressor of variegation 3-9
moira
serpent
sarah
Ultrabithorax
abdominal A
Abdominal B

gpp03342
Antp10
dsx23
Relneo36
D1EY05004
aur87Ac-3
CtBP87De-1°
ems1
trxE2
su(Hw)3
spn-B1
Su(var)3-91
mor1
srp3
sraEP03462
Ubx130
abd-AP10
Abd-Biab6-C7
Abd-Biab7-SGA
mod(mdg4)L3101
mod(mdg4)03852

HMT
TF
TF
TF
DNA-BP
Mitosis
TcoR
TF
TrxG/HMT
IBP
DNA repair
HetCh/HMT
ChRem
TF
ST
TF
TF
TF

83E6-7
84A6-B2
84E5-6
85C3
85D1
87A3
87D8-9
88A2
88B1
88B3
88B4
88E6-8
89A8-11
89A11-12
89B7
89D6-9
89E2
89E4-5
89E4-5
93D7-9
93D7-9

modiWer of mdg4

IPIP

Df(3R)ME15
Df(3R)3-4
Df(3R)ME15
Df(3R)3-4
Df(3R)Scrb
Df(3R)p712
Df(3R)BSC24b
Df(3R)T-32
Df(3R)ry506-85Cb
Df(3R)ry506-85Cb
Df(3R)ry506-85Cb
Df(3R)ry506-85Cb
Df(3R)ry506-85Cb
Df(3R)ry506-85Cb
Df(3R)sbd105b
Df(3R)sbd105b
Df(3R)sbd105b
Df(3R)P115b
Df(3R)P115b
Df(3R)P115b
Df(3R)P115b
Df(3R)e-N19
Df(3R)e-N19

ABP actin binding protein, ChRem chromatin remodeling complex, ChStr chromatin structure, DC dosage compensation, DNA-BP
DNA binding protein, DNARep DNA replication, HDAC histone deacetylase complex, HetCh heterochromatin protein, HK histone
kinase, HMT histone methytransferase, IPIP insulator protein-interacting protein, MBP microtubule binding protein, MED mediator
complex, NA nucleosome assembly, ORC origin replication complex, PcG polycomb group protein, PM protein metabolism, PRC1
polycomb repressor complex 1, PRC2 polycomb repressor complex 2, SP secretory pathway, ST signal transduction, TcoF transcription
co-factor, TcoR transcriptional co-repressor, TrxG trithorax group protein
a
Flies with the indicated mutations were crossed to ey-GAL4/CyO; BID/BID Xies. Eyes of progeny heterozygous for the mutation, eyGAL4 and BID were not more disordered than reference heterozygous ey-GAL4; BID Xies
b
DeWciency that enhances the rough eye phenotype

et al. 2004). Mutations in spn-E aVect heterochromatin
by aVecting the localization of Heterochromatin Protein 1 and dramatically reducing the level of histone H3
lysine 9 methylation, presumably by aVecting the activity of the methyltransferase SU(VAR)3-9. We tested
mutant alleles for the genes encoding these two proteins [Su(var)2055, Su(var)3-91] and found that they did
not enhance the BID-dependent rough eye phenotype.
Most tested genes encoding proteins involved in chromatin function do not enhance the BID-dependent
rough eye phenotype
As indicated in Table 3, many mutant alleles that we
tested did not enhance the rough eye phenotype. As
already mentioned, this includes a number of transcription factors. Other tested alleles encoded various pro-
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teins involved in chromatin structure or function. This
includes genes involved in nucleosome assembly,
chromatin remodeling, covalent histone modiWcations
(histone acetyltransferases, deacetylases, methyltransferases, a kinase), male X chromosome dosage
compensation, transcriptional co-repression, Polycomb
group and trithorax group genes. Genes involved in
DNA repair, mitosis and signal transduction were also
tested and found to have no eVect. These results suggest that there is not a general interaction in this assay
between BEAF and proteins involved in various
aspects of chromatin structure or dynamics.
SpeciWcity of the genetic interactions
Eighteen chromosomes with mutant alleles of interest
enhanced the BID-dependent rough eye phenotype
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(Table 2). None of these chromosomes resulted in a
rough eye phenotype in the absence of BID expression
(data not shown). This indicates an interaction
between the proteins encoded by the mutant alleles
and BEAF. If this is the case, then supplying an extra
functional copy of the genes should eliminate the
enhanced phenotype. We tested this for two genes. A
P[ftz] transgene (Schwartz et al. 2001) was used
together with the ftz3 and ftz11 alleles, and a UASMRTF transgene (Han et al. 2004) was used with the
MRTFKO1 allele. The rescue transgenes reversed the
eVects of the mutant alleles (Fig. 5). Extrapolating
from these results, it is likely that there are genetic
interactions between all genes identiWed in this screen
and BEAF.

Discussion
Insulators are thought to divide chromosomes into
functionally independent domains, preventing communication between enhancers and promoters located in
diVerent domains. As such, they play an important role
in gene regulation and perhaps in nuclear organization.
Yet very little is known about molecular mechanisms
employed by insulators. Models propose that insulators
function by inXuencing chromatin structure or dynamics, nuclear organization, or by acting as promoter
decoys (Capelson and Corces 2004; Kuhn and Geyer
2003; Labrador and Corces 2002; West et al. 2002).
Using a GAL4 UAS-controlled transgene encoding a
dominant-negative form of the BEAF proteins (BID),
we found evidence linking BEAF function to chromatin
structure or dynamics (Gilbert et al. 2006). Here we
extend those results by using this system to perform a
screen aimed at identifying factors that genetically
interact with BEAF. Mutant alleles of 17 genes were
found to enhance the BID-dependent rough eye phenotype. Most of these genes map to chromosomal deWciencies that also enhanced the phenotype.
Most of the identiWed genes encode proteins that fall
into two classes: insulator binding proteins or transcription factors. Two of three su(Hw) alleles and one
of two dwg alleles enhanced the rough eye phenotype.
Similar results were previously obtained by overproduction of BEAF-32A protein (Blanton et al. 2003;
Yamaguchi et al. 2001). Both su(Hw) and dwg encode
insulator binding proteins, indicating an interaction
between diVerent classes of insulators. However,
mutant alleles encoding other proteins that interact
with BEAF or su(Hw) did not enhance the phenotype.
This includes genes that encode DREF, D1,
mod(mdg4) and Topors. While it is possible that this

Fig. 5 Transgenes providing an extra wild-type copy of mutant
alleles rescue the enhanced rough eye phenotype. The rough eye
phenotype observed in Xies heterozygous for ey-GAL4 and BID
is enhanced in the presence of heterozygous ftz3 or ftz11 mutations. This enhanced phenotype is reversed in the presence of a
heterozygous ftz transgene driven by the ftz promoter. Similarly,
the enhanced rough eye observed in the presence of the heterozygous MRTFKO1 allele is reversed in the presence of a heterozygous UAS-MRTF transgene. Genotypes are as indicated

indicates that these proteins do not inXuence the activity of insulators dependent on BEAF or su(Hw), there
are other possible explanations for this. The mutations
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tested for these four genes are P-element insertions in
or near the transcription units, and their eVects on
these genes have not been well characterized. Perhaps
they are not null mutations or aVect neighboring genes.
Perhaps if other mutations in these genes were tested
an eVect would be observed, particularly for cases
where deWciencies showed an enhancement. Functional redundancy with other proteins or suYcient production of protein from the single wild-type gene are
also possible explanations. Another possibility is that
interactions would be detected with an assay that could
conWdently detect suppression of the phenotype. More
studies are needed to determine the relationship of
these other proteins to insulator activity and BEAF
function.
Genetic interactions were detected with only onethird of the tested transcription factors. Most of these
transcription factors were from the ANTC, which is
involved in head development, or were general transcription factors. A double mutation from the BXC,
which is involved in thorax and abdomen development,
also showed an interaction. The other two identiWed
transcription factors were Dll and MRTF. Like transcription factors encoded by the ANTC, Dll regulates
genes involved in head development. MRTF regulates
genes involved in development of the tracheal system.
The tracheal system encompasses the entire body,
including the head. Why did these transcription factors
show an interaction, while others did not? Consideration of the assay leads to a possible explanation. The
assay is based on eye development, rather than any
particular insulator. If certain genes involved in eye
development are insulated by BEAF-dependent insulators, then impairing BEAF function could lead to
faulty regulation of those genes and cause a disruption
of eye development. A decrease in the level of transcription factors involved in the regulation of these
genes could exacerbate the faulty regulation. This
could also explain the genetic interactions with TFIID
subunits. A similar result could be obtained with transcription factors that regulate genes adjacent to key
genes involved in eye development, if a BEAF-dependent insulator separates the adjacent genes. For
instance, this could account for the interaction with the
abd-A, Abd-B double mutant. However, this would be
a much less common occurrence. It should be emphasized that it is not known how BEAF functions, and
these genetic interactions could be indirect. A highthroughput two-hybrid assay did not Wnd evidence for
direct interactions between BEAF and transcription
factors (Giot et al. 2003). Nevertheless, according to
this explanation our results support an important role
for BEAF in assuring proper gene regulation during
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eye development. Because it is unlikely that the role of
BEAF is limited to eye development, our results suggest that BEAF plays an important role in maintaining
global patterns of gene expression.
We previously provided evidence that BID expression speciWcally targets BEAF function, leads to a global disruption of salivary gland polytene chromosome
structure, and enhances pericentromeric heterochromatin-dependent PEV. In addition, a third copy of
BEAF suppresses PEV (Gilbert et al. 2006). Yet we
tested mutant alleles of over 40 proteins involved in
chromatin structure or dynamics, and only two showed
an interaction in our eye-based assay. A similar eyebased screen for genetic interactions with the chromatin remodeling protein brahma (brm) also failed to Wnd
interactions with chromatin proteins other than members of the brm protein complex (Armstrong et al.
2005). Interactions with proteins involved in transcription and signaling were also found. This supports our
explanation that the interactions we observed might
have been limited by the design of the assay. We did
not observe an enhancement of the rough eye phenotype with the brm2 mutation or a mutation in the brm
subunit moira (mor1). A screen involving the activity of
a speciWc BEAF-dependent insulator rather than a
developmental process might provide diVerent results,
and help determine the relationship between BEAF
function and chromatin.
Of the mutant alleles we tested that encode chromatin proteins, only Nipped-A and spn-E enhanced the
rough eye phenotype. As mentioned, the interaction
with Nipped-A might be related to its role as a subunit
of the SAGA histone acetyltransferase complex, and
the close association between SAGA and TFIID. The
interaction with spn-E could indicate an interplay
between BEAF function and heterochromatin. However, spn-E mutations cause a reduction in histone H3
lysine 9 methylation, a heterochromatin mark mediated by the SU(VAR)3-9 methyltransferase, and redistribution of HP1 from heterochromatin to euchromatin
(Pal-Bhadra et al. 2004). Mutations in the genes encoding these proteins did not enhance the rough eye phenotype. As mentioned above, it is possible that there
are redundant activities that mask the eVects of these
mutations, or that these proteins are not produced in
limiting amounts, or that other mutations in these
genes would show an eVect (especially for genes where
we used poorly characterized mutations, as discussed
earlier). Another intriguing possibility for future study
is that the RNA interference machinery is involved in
BEAF-dependent insulator activity. It has recently
been reported that the RNAi machinery aVects Gypsy
insulator function (Lei and Corces 2006). In particular,
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the helicase Rm62 antagonizes and the Argonaute proteins piwi and aubergine enhance the activity of the
Gypsy insulator.
This work provides strong evidence for a role for
BEAF in maintaining global patterns of gene regulation. It also provides evidence for cross-talk between
diVerent classes of insulators, perhaps by aVecting the
regulation of diVerent sets of genes. Together with a
previous study of the vertebrate CTCF insulator protein
(Mukhopadhyay et al. 2004), our results help validate
the hypothesis that insulators play an extensive role in
gene regulation. The other interesting result to come
out of this screen was the interaction with spn-E. Using
this assay to test mutations in other genes involved in
RNAi will help determine if BEAF-dependent insulators are aVected by RNAi pathways, as is the su(Hw)dependent Gypsy insulator. A screen involving the
activity of a speciWc BEAF-dependent insulator rather
than a developmental process would help explore and
extend the results presented here and in our previous
study using the BID protein (Gilbert et al. 2006).
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